Tracheary element (TE) differentiation represents a unique system to study plant developmental programmed cell death (PCD). TE PCD occurs after deposition of the secondary cell walls when an unknown signal induces tonoplast rupture and the arrest of cytoplasmic streaming. TE PCD is tightly followed by autolysis of the protoplast and partial hydrolysis of the primary cell walls. This review integrates TE differentiation, programmed cell death (PCD), and autolysis in a biological and evolutionary context. The collective evidence from the evolutionary and molecular studies suggests that TE differentiation consists primarily of a programme for cell death and autolysis under the direct control of the transcriptional master switches VASCULAR NAC DOMAIN 6 (VND6) and VND7. In this scenario, secondary cell walls represent a later innovation to improve the water transport capacity of TEs which necessitates transcriptional regulators downstream of VND6 and VND7. One of the most fascinating features of TEs is that they need to prepare their own corpse removal by expression and accumulation of hydrolases that are released from the vacuole after TE cell death. Therefore, TE differentiation involves, in addition to PCD, a programmed autolysis which is initiated before cell death and executed post-mortem. It has recently become clear that TE PCD and autolysis are separate processes with separate molecular regulation. Therefore, the importance of distinguishing between the cell death programme per se and autolysis in all plant PCD research and of careful description of the morphological, biochemical, and molecular sequences in each of these processes, is advocated.
Introduction
Vascular plants emerged during the early Silurian, around 432 million years ago (Kenrick and Crane, 1997) , and their evolutionary success has been attributed to their efficient water transport system (Brodribb, 2009) . The water-conducting xylem vascular tissue is produced by meristematic cells of the procambium during primary growth and by the vascular cambium during secondary growth. Procambial and cambial cells can then differentiate into three types of xylem cells: elongated reinforced fibres providing mechanical support to the tissue, parenchyma cells providing metabolic support to the tissue, and tracheary elements (TEs) responsible for the mass flow of water (Raven et al., 2005; Schuetz et al., 2013) .
Both TEs and fibres deposit thick secondary cell walls (SCWs) that are reinforced by lignin. As part of their differentiation, TEs and fibres undergo programmed cell death (PCD), resulting in the complete degradation of their protoplasts (Fukuda, 1996; Courtois-Moreau et al., 2009; Bollhöner et al., 2012) . The modalities of PCD and autolysis differ between fibres and TEs (Courtois-Moreau et al., 2009; Bollhöner et al., 2012) , but very little is known about the details of PCD and autolysis in xylem fibres and in the tracheids of conifer trees. More information exists on cell death and autolysis of TEs in angiosperm species thanks to a technical breakthrough enabling in vitro TE differentiation. Following a report by Kohlenbach and Schmidt (1975) , Fukuda and Komamine (1980) created a system in which mesophyll cell suspensions from Zinnia elegans could be induced to differentiate into TEs by hormonal treatment. In this system, it was shown that striking features of TE PCD are the rupture of the tonoplast concomitant with the arrest in cytoplasmic streaming, followed by fast degradation of the cellular content (Fukuda, 1996; Groover et al., 1997; Groover and Jones, 1999; Kuriyama, 1999; Obara et al., 2001) . This review focuses on TE differentiation, PCD, and autolysis and integration of these processes in a biological and evolutionary context.
Defining cell death
Since it was first published by Lockshin and Williams (1964) , the term 'programmed cell death' has been used to describe a (genetically) controlled sequence of events leading a cell to kill itself (for a review, see Lockshin and Zakeri, 2001) . In their review about programmed cell death in plants, Jones and Dangl (1996) described cells undergoing PCD by using the metaphor of crossing the river Styx. This metaphor implies that PCD is a process wherein there is a clear boundary before which cells are still alive and beyond which they are dead. However, the moment of death has not been clearly defined for most of the plant PCD, leading to some confusion between post-mortem events and the execution of bona fide cell death processes. In the case of TE PCD, early reviews did not even mention the moment of cell death or existence of any cell death programme, but rather focused on cell autolysis (Torrey et al., 1971; Shininger, 1979) . In later work, 'autolysis' and 'PCD' were used interchangeably as if they were synonymous (Fukuda, 1996; Greenberg, 1996; Fukuda et al., 1998) . This is understandable as TE cell death and autolysis are the terminal events of TE differentiation and because fully degraded TEs are obviously dead. Nevertheless, other authors have suggested that PCD and autolysis are distinct (Jones and Dangl, 1996; Groover and Jones, 1999; Jones, 2001; Kozela and Regan, 2003) .
Therefore, a key question is: are PCD and autolysis one and the same? Autolysis can be defined as the degradation of at least parts of a cell by its own enzymes, at any time of its life cycle or even after its death. Hence, in theory, PCD and autolysis may coincide but they should not be considered identical because autolytic features in dying cells may not be relevant to the cell death programme (Ameisen, 2002) . In addition, some cells display autolytic features resembling that of cells undergoing PCD, but the biochemical mechanisms and the functional purposes associated with the observed autolytic features may be different. Therefore, the occurrence of PCD cannot be deduced only on the basis of the autolytic features of a cell. For example, phloem sieve elements undergo partial autolysis of the cytoplasmic contents as well as nuclear degradation but they do not die (Wang et al., 2008) . Because sieve elements remain alive, they do not undergo any PCD and can be considered as an example where autolysis and cell death are fully separated. Conversely, PCD is not always associated with the complete autolysis of the protoplast, for instance, during petal and leaf abscission and the hypersensitive response (Heath, 2000; Bar-Dror et al., 2011) . In some cases, such as in senescing leaves, it is not easy to separate autolysis and PCD. In several cases of developmental cell death in plants, however, PCD and autolysis can easily be distinguished as two different biological processes. Typically, in cells undergoing developmental PCD, autolysis occurs only after cell death, within a few hours as in TEs Pesquet et al., 2010; Bollhöner et al., 2013) or with a time gap of up to several years in the starchy endosperm of Poacea (Sabelli, 2012 ). These observations demonstrate that developmental PCD in plants does not seem to require preceding autolysis. A difference in the timing of PCD and autolysis cannot, however, be considered as a proof of the separate genetic regulation of these two processes which has to be proven by other means.
By extension, the establishment is advocated of a clear sequence of morphological and biochemical events, seen in the light of a functional purpose, for all types of plant PCD. The sequence of PCD-related events would, therefore, start when the genetic programme of cell death is activated and would stop with the death of the cell. For TE PCD, it is proposed that vacuole collapse and the concomitant demise of cyclosis represent the instant of death, as suggested earlier by Groover and Jones (1999) and Bollhöner et al. (2012) . Setting the instant of death in TEs at the time when the tonoplast ruptures has two obvious implications: (i) that the events related to preparation and execution of PCD occur prior to vacuole collapse, and (ii) that the events happening after vacuole collapse, such as TE protoplast autolysis and partial wall degradation, are post-mortem events.
Initiation of the TE cell death programme

Initiation of TE differentiation
It is not easy to define when exactly cell death of TEs is initiated, but since cell death is an outcome of TE differentiation, one could consider that the cell death programme is initiated simultaneously with TE differentiation. From this, it follows that factors that initiate TE differentiation could also be considered as inducers of cell death. The initiation and early differentiation of TEs involve the action of several different plant growth regulators (Turner et al., 2007; Agusti et al., 2011; Zhou et al., 2011; Lucas et al., 2013; Milhinhos and Miguel, 2013) and, perhaps most importantly, auxin and cytokinin (for a review, see Milhinhos and Miguel, 2013) . Brassinosteroids (BRs) have been detected in differentiating Zinnia xylogenic cell cultures (Yamamoto et al., 2001) and TE differentiation was successfully triggered in Arabidopsis thaliana cell suspensions (Kubo et al., 2005) and tissue cultures (Kwon et al., 2010) by the addition of brassinolide, a synthetic brassinosteroid. Furthermore, TE differentiation, such as SCW deposition, PCD, and the expression of associated genes, were not observed when Zinnia cell suspensions were treated with uniconazole, an inhibitor of BR synthesis (Yamamoto et al., 1997) . Consequently, BRs were hypothesized to control TE differentiation (Yamamoto et al., 1997 (Yamamoto et al., , 2001 Kubo et al., 2005) or even to initiate TE PCD (Kwon et al., 2010) . On the other hand, BRs are known to play a role in vascular patterning (Carlsbecker and Helariutta, 2005) and the formation of vascular bundles (Ibañes et al., 2009; Fàbregas et al., 2010) , which means that BR signalling in the vasculature is not specific to TE differentiation or PCD. Similarly, other plant growth regulators, such as ethylene and thermospermine, which have been reported to affect TE specification and differentiation (Muñiz et al., 2008; Pesquet and Tuominen, 2011) are also involved in other processes and it is not known how directly they are involved in the regulation of PCD. Kubo et al. (2005) analysed gene expression by micro-array in xylogenic cell cultures of Arabidopsis thaliana and identified several NAC (NAM/ATAF/CUC; Aida et al., 1997) domain transcription factors as potential regulators of TE differentiation. Ectopic TE differentiation in Arabidopsis and poplar could indeed be triggered by over-expressing two of these transcription factors: VASCULAR-RELATED NAC DOMAIN 6 (VND6) and VND7 (Kubo et al., 2005) . VND6 and VND7 were first considered to be master switches of metaxylem and protoxylem differentiation, respectively, based on the SCW pattern of the TEs produced by their over-expression and because their dominant suppressor forms suppressed metaxylem and protoxylem differentiation, respectively, in Arabidopsis roots (Kubo et al., 2005) . Further studies in roots and shoots of Arabidopsis showed that VND7 is also involved in metaxylem vessel differentiation (Yamaguchi et al., 2008) . TE differentiation, including PCD and autolysis, could also be triggered in tobacco BY2 cells, in Arabidopsis cell suspensions, in Arabidopsis plants, and in poplars using various inducible systems for VND6 and/or VND7 over-expression (Yamaguchi et al., 2008 (Yamaguchi et al., , 2010 . Expression of VND7 is also induced in parenchyma cells of Arabidopsis upon infection by Verticillium longisporum, leading to VND7-dependent de novo xylem formation (Reusche et al., 2012) . Hence, VND6, and to a greater extent VND7, can be considered as initiators of the whole TE differentiation process.
Is TE differentiation primarily a programme for cell death and autolysis?
Activation of TE differentiation by the expression of a single transcription factor raises the question of whether secondary wall deposition, lignification, PCD, and autolysis are tightly interlinked in a single differentiation programme, or whether they are separate programmes with separate regulation. Comparative evolutionary and developmental analyses have given support for a single TE differentiation programme. In some bryophytes, differentiation of Water Conducting Cells (WCCs) and hydroids does not imply SCW deposition or lignification but results in cell death and in protoplast autolysis and partial wall lysis (Friedman and Cook, 2000; Ligrone et al., 2000 Ligrone et al., , 2012 . Therefore, it seems possible that the evolution of water-conducting elements in land plants started with 'programmed autolysis', as coined by Friedman and Cook (2000) , and that secondary cell wall formation was added into the programme as a later evolutionary innovation. This hypothesis is supported by ultra-structural studies of TEs in extinct and extant early tracheophytes, which demonstrated that the early evolution of TE SCWs has been a multistep process probably starting with the appearance of a cell wall layer resistant to degradation during autolysis (Friedman and Cook, 2000) . Further support comes from comparative genomic analyses, which have demonstrated that the bryophyte Physcomitrella patens genome contains 'ancestral' homologues of the NAC transcription factors that, in angiosperms, are known to function as master transcriptional switches for TE secondary wall formation and cell death (Shen et al., 2009; Zhong et al., 2010b; Zhu et al., 2012) . According to Zhu et al. (2012) these transcription factors cluster into the NAC transcription factor subfamily Ic. The P. patens subfamily Ic NAC factors contain the typical domains A-D present in all NAC transcription factors but lack the C-terminal activation domains that are present in the angiosperm master switches of TE differentiation such as VND7 (Shen et al., 2009) . In vascular plants, the closest homologues of the P. patens subfamily Ic NAC factors were found in the genome of the early tracheophyte Selaginella moellendorffii (Zhu et al., 2012) , and they were also shown to lack the C-terminal activation domain (Shen et al., 2009) . Phylogenetic analysis based on the sole NAC domains provided evidence that the S. moellendorffii subfamily Ic NAC factors are most similar to the VND type NAC transcription factors in angiosperms (Yao et al., 2012) . Together, these comparative genomic studies support evolutionary conservation of the master switches of TE differentiation between the mosses and the vascular plants. As P. patens water-conducting hydroids do not deposit any secondary walls, it is tempting to hypothesize that the subfamily Ic NAC factors functioned in mosses as master switches of cell death and autolysis programmes, and that their homologues in vascular plants acquired the ability to activate SCW deposition as a part of TE differentiation.
A single TE differentiation programme is also supported by experimental data. First of all, gene expression analyses in xylogenic cell cultures from Zinnia elegans (Demura et al., 2002) and Arabidopsis thaliana (Kubo et al., 2005) showed similar expression patterns for SCW, cell death, and autolysisrelated genes. These genes' promoters often display an 11 bp tracheary-element-regulating cis-element (TERE) or a 19 bp secondary NAC binding element (SNBE) (Pyo et al., 2007; Zhong et al., 2010a) . Consistently, both VND6 and VND7 have also been shown to induce the expression of some of these SCW, PCD and autolysis-related genes directly (OhashiIto et al., 2010; Zhong et al., 2010a; Yamaguchi et al., 2011) . The second line of evidence is provided by experiments with various types of pharmacological treatments that have been shown to inhibit secondary wall formation as well as PCD and autolysis (Yamamoto et al., 1997; Woffenden et al., 1998; Groover and Jones, 1999; Twumasi et al., 2010) . Particularly careful characterization of the relationship between SCW formation and cell death comes from a study where the addition of trypsin triggered PCD of differentiating Zinnia TEs in vitro in a manner that was highly reminiscent of normal TE PCD, while the use of trypsin inhibitors prevented both SCW deposition and cell death (Groover and Jones, 1999) . The authors also proposed that co-ordination between SCW and PCD is accomplished by the accumulation of a cell wall localized serine protease which triggers cell death by inducing massive calcium influx only after completion of the secondary cell wall deposition (Groover and Jones, 1999) . Altogether, it seems, on the basis of these reports, that PCD and SCW deposition are not only overlapping in space and time but are also molecularly interdependent.
Several studies have provided evidence supporting separate regulation of the different phases of TE differentiation. Turner and Hall (2000) identified the gapped xylem (gpx) mutant in Arabidopsis, whose xylem vessels sometimes failed to deposit SCW but still underwent PCD and autolysis, resulting in the degradation of the primary walls and formation of gaps within the xylem. Therefore, some TEs of the gpx mutant displayed uncoupling of SCW deposition from PCD and autolysis. Vice versa, cellulosic secondary wall formation was uncoupled from PCD and autolysis in TE cell cultures of Zinnia elegans treated with silver thiosulphate (STS) (Pesquet et al., 2013) . Pesquet et al. (2013) also demonstrated that cellulosic secondary wall deposition and bulk lignification are partially uncoupled processes and that lignification is partially non-cell autonomous and occurs mainly post-mortem. In addition, post-mortem autolysis was found to be partially uncoupled from PCD stricto sensu in the xcp1, xcp1 xcp2, and atmc9 mutants Bollhöner et al., 2013) . Thus, TE differentiation seems to consist of four partially distinct modules: SCW deposition, PCD, autolysis, and lignification (Fig. 1) . These modules can also have their own regulation by transcription factors that act downstream of the master switches VND6 and VND7. Important such regulators are, for instance, the MYB transcription factors MYB46 and MYB83 which have been shown to regulate SCW synthesis and deposition downstream of the VND6 and VND7 master switches (Ohashi- Zhong et al., 2010a; Zhong and Ye, 2012) . MYB46 and MYB83 are expressed in both TEs and fibres (Zhong et al., 2007; McCarthy et al., 2009 ) but as xylary fibres do not die in Arabidopsis (Bollhöner et al., 2012) , it is likely that MYB46 and/or MYB83 have a function in the regulation of secondary wall formation but not PCD.
An interesting question is whether there are master transcriptional regulators of PCD or autolysis downstream of VND6 or VND7. If it is considered that cell death and autolysis initially evolved to support the water-transporting function of TEs before the evolution of SCWs, one could think that the signalling pathways might be simpler for the regulation of cell death and autolysis than for the regulation of SCW formation. Therefore, it seems reasonable to consider that VND7 and VND6 are direct transcriptional regulators of cell death. There are, however, a few other transcription factors that have been proposed to function in the regulation of TE cell death. SAC51 is a basic helix-loop-helix (bHLH) transcription factor which was identified from a screen for suppression of the acaulis5 (acl5) mutant's dwarf phenotype (Imai et al., 2006) . The acl5 phenotype was later shown to emerge from premature cell death of TEs, leading to SCW patterning defects and vessel width reduction (Muñiz et al., 2008) . SAC51 thus restores co-ordination between SCW deposition, PCD, and autolysis in acl5 (Vera-Sirera et al., 2010) . However, the exact function of SAC51 in TE cell death remains to be demonstrated. XYLEM NAC DOMAIN 1 (XND1) is another transcription factor that has been reported to control TE SCW formation, cell death, and autolysis (Zhao et al., 2008) . TE differentiation was inhibited in Arabidopsis by overexpression of XND1 in both a constitutive and a xylemspecific fashion, suggesting that this transcription factor is a negative regulator of TE differentiation (Zhao et al., 2008) . More information is needed, however, on the exact function and downstream targets of XND1. The lack of a known master regulator for TE PCD or autolysis may be due to low viability of the loss-of-function mutants or, alternatively, lack of phenotype due to functional redundancy. Another possible explanation for the absence of known specific transcriptional regulators of the PCD module or autolysis module is that there is none, which would render VND6 and VND7 the direct initiators of TE PCD and autolysis.
Execution of the cell death programme
Based on our definition of the instant of TE cell death, execution of TE PCD is manifested by changes in tonoplast integrity and, finally, rupture of the tonoplast. However, only a few studies have been conducted to unravel the mechanisms leading to tonoplast rupture. Altered tonoplast permeability was reported just before PCD of differentiating Zinnia TEs in vitro (Kuriyama, 1999; Obara et al., 2001) . In addition, inhibition of anion transport across the tonoplast using probenecid triggered rapid vacuolar rupture in Zinnia TEs (Kuriyama, 1999) . Even though the molecular regulation of tonoplast integrity during TE PCD is not known, it is clear that the rupture of the tonoplast has a central role in TE PCD. However, this does not exclude the possibility that changes occur elsewhere, well before the changes in tonoplast integrity, but they have not yet been identified in the few studies conducted so far.
The role of mitochondria and, in particular, the release of cytochrome c into the cytoplasm are central to the execution of metazoan PCD. Yu et al. (2002) showed that subtle morphological changes and loss of membrane potential occur in mitochondria before Zinnia TE PCD, and that loss of mitochondrial membrane potential by pharmacological agents could induce vacuolar collapse in TEs. The loss of mitochondrial membrane potential, therefore, seems to be involved in TE PCD. However, it was not possible to induce TE PCD by the release of cytochrome c into the cytoplasm (Yu et al., 2002) , ruling out the role of cytochrome c in TE PCD.
Again, by analogy with metazoans, it has been hypothesized that plant cell death programmes may be triggered and executed by proteolytic cascades (Lam, 2005) . Caspases (cysteine-dependent aspartate proteinases) are responsible for the initiation and execution of several cell death programmes in metazoans (Cohen, 1997; Kumar, 2006) . Even though caspase-like activities have frequently been detected in connection with plant PCD, including in TEs (Twumasi et al., 2010; Han et al., 2012) , caspase homologues do not exist in plants. TE PCD was proposed to involve proteases such as the metacaspases (structurally related to caspases but having different substrate specificity; Uren et al., 2000) and other cysteine proteases (Ye and Varner, 1996; Beers and Freeman, 1997; Zhao et al., 2000; Bozhkov and Jansson, 2007; Turner et al., 2007) . However, a clear role for any of these proteases has not been demonstrated in TE PCD per se. Instead, several proteases have been shown to execute protoplast autolysis after cell death.
Post-mortem autolysis
Early work by O'Brien and Thimann (1967) already considered that TE cell death and protoplast removal could involve different mechanisms. It became clear later that post-mortem autolysis was triggered by tonoplast rupture and the release of Fig. 1 . Morphology, biochemistry, and molecular regulation of TE differentiation. The figure describes and illustrates the events occurring during TE differentiation under the control of VND6 and VND7 transcription factors after cell specification and elongation. The boxes describing the morphological, biochemical, and molecular events are placed above the corresponding relevant illustrations. Black dashed arrows represent signalling, filled red arrows represent movement of molecules.
Cell death and autolysis in tracheary elements | 1317 vacuole-localized hydrolytic enzymes (Wodzicki and Brown, 1973; Fukuda, 1996; Groover et al., 1997; Groover and Jones, 1999) . A large number of hydrolytic enzymes have been implicated in post-mortem autolysis, but it was only recently that the first executors of post-mortem autolysis were functionally characterized.
The executors of autolysis
Several hydrolytic activities have been shown to correlate with TE differentiation in Zinnia xylogenic cell suspensions. The detected activities emanated from endonucleases (Thelen and Northcote, 1989; Aoyagi et al., 1998) , several ribonucleases (Thelen and Northcote, 1989; Ye and Droste, 1996) , and proteases (Minami and Fukuda, 1995; Ye and Varner, 1996; Beers and Freeman, 1997; Woffenden et al., 1998) . These hydrolases were hypothesized to be stored in the vacuole until tonoplast rupture (Wodzicki and Brown, 1973; Fukuda, 1996; Groover et al., 1997) . Further, vacuolar localization of these hydrolases was supported by their optimal pH for activity (Thelen and Northcote, 1989; Ye and Varner, 1996) , by the presence of a signal peptide carried by the enzyme , or by immunolocalization .
Zinnia TEs have been shown to display several Ca 2+ / Mg 2+ -dependent and two Zn 2+ -dependent nuclease activities (Thelen and Northcote, 1989; Aoyagi et al., 1998; Ito and Fukuda, 2002) . Only the Zn 2+ -dependent nuclease activities from differentiating cell extracts were shown to degrade nuclear DNA in vitro, and this degradation was inhibited by antibodies against a previously identified nuclease: Zinnia endonuclease 1 (ZEN1) (Ito and Fukuda, 2002) . ZEN1 is an S1-type nuclease that has been hypothesized to be localized to the vacuole and shown to be involved in post-mortem degradation of the nuclei Ito and Fukuda, 2002) .
A great variety of proteases, including serine, aspartic and cysteine proteases, have been implicated in TE differentiation on the basis of protease activity assays and global gene expression analyses (Minami and Fukuda, 1995; Ye and Varner, 1996; Beers and Freeman, 1997; Woffenden et al., 1998; Zhao et al., 2000; Demura et al., 2002; Kubo et al., 2005) . Serine proteases seem to play a role in the early signalling of TE differentiation (for a review, see Petzold et al., 2012, and references therein) or in the signalling of PCD (Groover and Jones, 1999) rather than in autolysis. Most studied are the cysteine proteases which are believed to be the main executors of cellular autolysis (Minami and Fukuda, 1995; Ye and Varner, 1996; Beers and Freeman, 1997; Woffenden et al., 1998; Zhao et al., 2000; Funk et al., 2002; Avci et al., 2008; Bollhöner et al., 2013) . First evidence for cysteine protease involvement in protoplast clearance was provided by the use of inhibitors in Zinnia TEs (Woffenden et al., 1998) . Autolysis was impaired when differentiating cells were treated with a proteasome inhibitor (MG132) that also targets cysteine proteases, but not with an inhibitor specific for the proteasome (clasto-lactacystin β-lactone) (Woffenden et al., 1998) . The problem in defining the function of these proteases has been the lack of phenotypes in the mutants of these proteases, which is surprising in the light of the critical role of TE autolysis in water transport. Currently, there are only two cases where roles have been described for the cysteine proteases. One of them concerns the Arabidopsis xylem cysteine proteinase 1 (XCP1) and XCP2, which are specifically expressed in TEs and localized mainly to the vacuole (Funk et al., 2002; Zhao et al., 2000) . During TE differentiation in seedling roots, both XCP1 and XCP2 are involved in so-called micro-autolysis of cellular aggregates before tonoplast rupture and in mega-autolysis of the whole protoplast after tonoplast rupture . Arabidopsis metacaspase 9 (AtMC9) is the only xylem-specific metacaspase in Arabidopsis, and loss of AtMC9 function resulted in defects in TE post-mortem autolysis (Bollhöner et al., 2013) . Because of this phenotypic similarity with xcp1 or xcp1 xcp2 mutants, Bollhöner et al. (2013) investigated the potential relationship between AtMC9 and XCP1/XCP2. XCP2 appeared as a target of AtMC9 in vitro, but it was clear from the analysis of the triple mutant atmc9 xcp1 xcp2 that AtMC9 regulates the activity of one or several unidentified papain-like cysteine protease(s), other than XCP1 and XCP2 (Bollhöner et al., 2013) . Hence, a proteolytic cascade, involving AtMC9 and unidentified papain-like cysteine protease(s) seems to be involved in regulating TE post-mortem autolysis.
Normal plant growth in the xcp1 xcp2 double mutant and in the atmc9 mutant was unexpected because impaired autolysis is expected to reduce water-transport efficiency (Groover and Jones, 1999; Bollhöner et al., 2012) . Thus, the absence of a growth defect may have resulted from the experimental growth conditions in which water transport was not a major limiting factor. Alternatively, or in addition to a role in water transport, autolysis may serve in removing pieces of protoplast that could feed pathogens and hasten vascular infections, as suggested by the lower resistance of atmc9 mutants to xylem pathogens (Bollhöner et al., 2013) . Defence against pathogens and/or signalling mediated by proteases released from degraded protoplasts may, therefore, be another or alternative purpose of TE autolysis (Bollhöner et al., 2012) .
Implications of TE post-mortem autolysis
Because autolysis proceeds to a large extent if not entirely post-mortem, TEs need to prepare their own demise before the instant of cell death. This is facilitated by the expression and accumulation of hydrolases such as XCP1, XCP2, and AtMC9 during TE differentiation (Turner et al., 2007; Avci et al., 2008; Bollhöner et al., 2013) . All the characterized hydrolases involved in TE autolysis are localized in the vacuole and/or require an acidic pH, which means that tonoplast rupture is a trigger for TE autolysis to start. This, in turn, implies that TE autolysis is dependent on TE PCD execution.
TE post-mortem autolysis has effects beyond TEs. The autolysing TEs can release hydrolases which are potentially harmful for surrounding TEs and parenchyma cells. Parenchyma cells reportedly remain undamaged, even when they are adjacent to TEs undergoing autolysis (O'Brien and Thimann, 1967; Srivastava and Singh, 1972) . Consequently, the autolysis programme must integrate some restriction or protection mechanisms. Such a mechanism was exemplified by the Zinnia TE-specific TED4 protein (Demura and Fukuda, 1993) , which is secreted throughout TE differentiation and inhibits the otherwise harmful proteasome 20S subunit released by TE autolysis (Endo et al., 2001) . In this example, the TE autolysis programme prepares defences against its own post-mortem release of hydrolases. In addition, surrounding cells provide protection against hydrolases released from the TEs. For instance, it has been described in oat, wheat, and bean that part of the primary walls of TEs and the middle lamella between two consecutive TEs are degraded both in the lateral walls of TEs but also at the end walls of TEs leading to the formation of the perforation plate (O'Brien and Thimann, 1967; O'Brien, 1970) . However, the primary walls and the middle lamella of the parenchyma cells that are adjacent to TEs remain intact, which suggests that these cells must have defence mechanisms against the hydrolases released by TEs (O'Brien and Thimann, 1967; O'Brien, 1970) .
Conclusions
The collective evidence from evolutionary and molecular studies suggests that TE differentiation consists primarily of a programme for cell death and autolysis under the direct control of the transcriptional master switches VND7 and VND6. In this scenario, secondary wall deposition and lignification modules would represent innovations for improving the efficacy of the water-transport system and necessitate the selection of specific master-switches, such as MYB46 and MYB83, downstream of the initiators for TE differentiation.
One of the most fascinating features of TE differentiation is that not only do TEs prepare their death in a programmed fashion, but they also make sure that what they leave behind is also dealt with. TEs undergo a programmed autolysis, which is initiated long before vacuolar rupture and executed postmortem. A few effectors of the post-mortem autolysis have been characterized (Ito and Fukuda, 2002; Avci et al., 2008; Bollhöner et al., 2013) , but nothing is known about the effectors of cell death. Furthermore, the signalling related to TE PCD remains elusive. One of the reasons for the current ignorance is the difficulty in assessing TE PCD and the detrimental effect on plant performance that is expected to face plants with disturbed TE PCD. As a result, not a single mutant is known with delayed TE PCD. To improve this situation, in vitro model systems such as the Zinnia and Arabidopsis TE cell cultures have to be developed further. Screens for mutants altered in the expression of TE PCD markers, as well as the analysis of TE PCD in existing mutants, for other cell death processes, such as the hypersensitive response, might be helpful in this respect.
The current knowledge on transcriptional regulation of secondary wall deposition has given us tools to design forest trees with increased biomass production of the stem and wood chemistry that is more suitable, for instance, for the production of biofuels. The target cells for these modifications are the xylem fibres that constitute the bulk wood but that deposit secondary cell wall material only during a relatively short time period before they die through programmed cell death. Therefore, it is possible that over-expression of transcription factors that are expected to increase secondary wall deposition in the fibres might just result in the premature death of the fibres instead of in the increased accumulation of cell wall materials. A future challenge is, therefore, to understand more about cell death in xylem fibres in other model systems than Arabidopsis.
